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Abstract
The flux of particles which are extracted during a slow resonant extraction from the SPS is
controlled with a servo-spill feedback system which acts on the horizontal tune such as to keep
the spill rate as constant as possible during the whole extraction time. This is achieved by
modulating the current in a servo-quadrupole, consisting of two ordinary machine quadrupoles
connected in parallel, as a function of the difference between the measured and the desired spill
rate. These machine quadrupoles ought now to be recuperated in order to replace some of the
ageing lattice quadrupoles. In their place, some of the less powerful quadrupoles of type QMS
shall be used as servo-quadrupoles.
In order to define the power requirements for a new servo-spill system, the present system
has been analysed for its actual performance in order to determine its eventual insufficiencies
which might be improved or eliminated with the new system. The advantages and disadvan-
tages of some possible configurations are discussed in this paper.
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1. Introduction
The mechanism of a slow third-order resonant extraction from the SPS can briefly be
summarised as follows:
A set of suitably located sextupoles are excited to create a stable area in the radial phase
space which is somewhat larger than the one occupied by the beam. Subsequently, the currents in
the main machine quadrupoles (QF1, QF2, QD) are changed such that the horizontal tune is
gradually increased towards the resonant value QH = 26 23 . This causes the stable phase space area
to shrink to zero. Protons with phase space coordinates outside the stable region move away
from it along the outward going separatrices until they enter into the field of the electrostatic
septum (ZS) which deflects them into the extraction channel consisting of two septum magnets, a
thin septum (MST) followed by a thick one (Extraction magnet MSE).
Since the septa are positioned outside the injection aperture, the horizontal closed orbit must
be brought near to them such that its radial distance from the ZS corresponds to the desired
horizontal size of the extracted beam, and assuring that the copper septa fit well into the gap
between circulating and extracted beam.
The spill-out (flux) of the extracted beam is controlled with a servo-quadrupole which
modulates the QH-value of the beam as a function of the error between the reference and the spill
signal as measured by a secondary emission monitor in the beam transfer line.
At present, the servo-quadrupole consists of two main machine quadrupoles which are
connected in parallel to a power converter which may supply a maximum current of 200 A and a
voltage of 35 V. These quadrupoles are therefore excited far below their maximum design
current of about 2000 A. Since most of the machine quadrupoles need to be upgraded, it is
planned to re-install them as normal lattice quadrupoles in the SPS and to replace them by some
of the less powerful QMS quadrupoles. These were built for the low-E insertions in the SPS-
collider and will no longer be used in possible future insertions for machine studies.
In order to define the power requirements for the new servo-quadrupole, an analysis was
carried out to find out whether the performance of the actual system is still adequate or whether
with increased power, the spill quality might eventually be improved.
2. Analysis of the components of the present system
The actual servo-spill system consists of
two standard machine quadrupoles which are
installed at positions 14 and 16 in sextant 1 of
the SPS. They are connected in parallel to the
power supply LQES 1145 in BA1 with a cable
of type PZH4 as shown in Figure 1. Each cable
consists of four aluminium conductors having a
cross-section of 150 mm2. The current
reference for the power supply is derived from
the error between the measured spill signal and
a given reference voltage.
The different components of the total
servo system, as well as a model of the ex-










4 x 150 mm2  Al
Figure 1 : Parallel connections of the two servo-quad-
rupoles QES 11452 and QES 11632 to their
power supply LQES 1145 in BA1.
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2.1 Magnetic load: Servo-quadrupole magnet & cables
The values of the inductance Lm and ohmic resistance Rm of QES11452 and QES11632
correspond to those of the main machine quadrupoles QF or QD as documented in the official
parameter list of the SPS (Table 1). The inductance is frequency dependent and decreases to
roughly half of its DC-value at 1 kHz. The field gradient in one of these main quadrupoles was
measured as a function of the excitation current by J.-D. Pahud in 1980. The saturation charac-
teristic is shown in Figure 2. Up to a current of 1281 A, which in the machine quadrupoles
corresponds to about 300 GeV, the G(I)-dependence is practically linear. A good least square
approximation to the measurement is obtained with the following analytical expression:
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with: IS = 1281.53 A (start saturation at about 300 GeV)
G0 = 2.3060607·10-2 T/m (interpolated remanent gradient)
O = 1.1414824·10-2 T/(A·m) (linear slope)

































Figure 2 : Saturation characteristics of main machine quadrupoles. The points marked with { correspond to the
measurements made by J.-D. Pahud in 1980 which are listed in the table.
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Table 1: Properties of Quadrupoles QES11452 & QES11632
Inductance per magnet Lm  (9 windings/pole) 17.9 mH  (parameter list)
10.2 mH  (at 1 kHz, G. Kouba)
Ohmic resistance Rm per magnet at 22.5°C 11.2 m:  (parameter list)
9.5 m:  (measured by G. Kouba)
Magnetic length "m 3.085 m
The properties of the two cables which connect QES11452 and QES11632 to the power
supply were obtained from S. Klinger and are summarised in Table 2 below:
Table 2: Cables of type PZH4 from PS to Servo-quadrupole
Lengths 270 m and 295 m
Sections 4 x 150 mm2 Al
Ohmic resistance per conductor at 20°C
computed (U0 = 2.5·10-8 :m;  D = 4.67·10-3/°C) :
0.2 :/km  (S. Klinger)
0.185 :/km
Inductance negligible
2.2 Power Supply with internal feedback loop
As shown in the block-diagram of Figure 3 below, the power supply, which is connected to
the servo-quadrupole, mainly consists of a high gain (K0 | 1000) bipolar transistor power
amplifier with a bandwidth fA1 | 50 Hz corresponding to the time constant TA1 [2,3]. Between
this frequency fA1 and fA2 = (2S TA2)-1 | 5 kHz, the gain of this power amplifier decreases with a
slope of -20 dB/decade to a constant value of about 10 for frequencies well above fA2. The power
amplifier is voltage limited and can be considered a linear device only for small signals requiring
voltages |U| < Umax. It must be noted that the voltage limiter, although represented as a separate
module in the block-diagram, is an integrated part of the power amplifier !
The dynamic range of the system, which is very limited by the rather large time delay
W = L/R | 250 ms introduced by the magnetic load, is extended up to about 1.5 kHz with an
internal closed feedback loop as shown in Figure 3. The gain KC and the two time constants TC1
and TC2 characterising the lead-compensator in the feedback loop of the power supply, are
dimensioned such as to adjust the phase-margin frequency fI of the open-loop transfer function to
about 1.5 kHz and to reduce the slope of the Log magnitude curve at the gain crossover (gain=1)
from -40 dB/decade to -20 dB/decade (see Figure 4). The properties of the power supply



































Figure 3 : Equivalent block-diagram of the power supply feedback loop compensating for the time delay W = L/R
of the servo-quadrupole magnet (L and R are the inductance and resistance of the total load).
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Figure 4 : Bode plots (Log magnitude and phase diagram) of the open-loop and closed-loop transfer function
between the power supply reference input rPS(t) and the servo-quadrupole current iSQ(t) normalised by
the factor KPS. The phase angles are plotted in degrees.
For small signals, and as far as the transfer function between the power supply reference
input rPS and the current iSQ in the servo-quadrupole is concerned, the power supply can be
considered to be an amplifier with gain KPS and a bandwidth fPS (cf. closed-loop frequency
response in Figure 4). This bandwidth is defined by the gain crossover of the open-loop transfer
function which corresponds to the phase-margin frequency fI. For the low frequencies of interest,
it can even be assumed to be a linear amplifier with gain KPS and infinite bandwidth.
Table 3: Properties of the Power Supply LQES 1145
Maximum Current Imax Imax = 200 A
Maximum Voltage Umax Umax = 35 V
Nominal Current during operation I | 100 ± 50 A
DC-gain between PS-reference rPS and current iSQ KPS = iSQ/rPS = 20 A/V
Corner frequency corresponding to  W = L/R fQ = (2S W)-1  | 0.6 Hz
Open-loop gain of power amplifier K0 | 1000
Gain of compensator KC | 25
Bandwidth of power amplifier (pole at s = -1/TA1) fA1 = (2S TA1)-1  | 50 Hz
Frequency of lead-compensator zero at s = -1/TC1 fC1 = (2S TC1)-1  | 700 Hz
Frequency of lead-compensator pole at s = -1/TC2 fC2 = (2S TC2)-1  | 2.2 kHz
Corner frequency corresponding to zero at s = -1/TA2 fA2 = (2S TA2)-1  | 5 kHz
Closed-loop bandwidth of power supply fPS  | fI | 1.5 kHz
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2.3 Tune change produced by the servo-quadrupole
The particle motion in horizontal phase space of 1 revolution in the SPS is described by the
one turn map:
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where QH is the horizontal tune and D, E and J are the Twiss parameters at the location consid-
ered. The servo-quadrupole with a focusing strength K, which as a first order approximation can












causes a small change 'QH of the horizontal tune which can be computed from the trace of the
resulting one turn map M = MSPS·MSQ :
tr{M} = 2·cos(2SQH) + K·"m·E·sin(2SQH) = 2·cos[2S(QH + 'QH)]
With K = ep · G and assuming that 'QH<<1 the following expression is found for 'QH :
|'QH| | K·"m·E4·S   = 
e·G·"m·E
4·S·p  
Knowing that the servo-quadrupole is never excited into saturation and neglecting the
remanence, the gradient can be considered to be proportional to the current G = O·iSQ (cf. section






4·S·p  = 1.4655·10
-4
 A-1
The value of E = 78.5 m corresponds to the average value of the E-function at the location
of QES 11452 (E = 65 m) and of QES 11632 (E = 92 m) respectively.
2.4 Transfer function of extraction process
By computing the number N(t) = ³\(t)·dt of extracted particles due to a change 'Q·u(t) *) of
the horizontal tune [1], one implicitly obtains the impulse-response of the particle flux \(t) with
respect to the input signal dQH/dt = 'Q·G(t) †). The Laplace transform of \(t)/'Q then represents
the transfer function describing the small signal behaviour of the extraction process. This was
identified to correspond to a linear second order system with a transport lag (dead time) T0 and
characterised by a unique time delay T1 and a damping factor [=1. The Log magnitude curve of
the frequency response shows a roll-off of -40 dB/decade at the angular corner frequency
Zc = 1/T1 which is due to the double pole at s = -1/T1. The values of T0 and T1 are given in Table
4. The dead time T0 can be explained by the fact that the particles stay a certain time (dwell-time)
in the resonance stop-band before they are extracted. The transfer function between dQH/dt and
the spill signal V(t), which is proportional to \(t) and which is measured with a secondary
emission monitor BSI, can therefore be expressed as follows:
                                               
*)
 u(t) is the unit step function
†)
 G(t) is the unit impulse function or Dirac delta function
Power Requirements for a New Servo-spill System
Page 6
GE(s) = KS·exp(-s·T0)(1+s·T1)2
The conversion factor between particle flux \(t) [s-1] and measured spill signal V(t) [Volt] is
already included in the “gain” factor KS = 'V(t) / 'dQdt  . This factor depends on the intensity of the
beam to be extracted and the extraction setting-up, and is a priori unknown.
Table 4: Gain and Time constants characterising the extraction process
Dead time T0 (average time particles stay in stop-band) T0 | 60 - 100 turns
Time delay T1 introduced by the extraction process T1 | 70 turns
It must be noted that the linear model of the extraction process is only a first order ap-
proximation and that neither the dead time T0 nor the time delay T1 are true “time-constants”.
They both depend on the amplitude of the tune variation 'Q (Figure 5), i.e. by how much and
how fast the particles penetrate into the stop-band. Particles very close to the resonance limit stay















Figure 5 : Amplitude dependence of  the “time constants” T0 and  T1 characterising the impulse response of the
extraction process from the Dirac input pulse 'Q·G(t). The SPS revolution time is about 23 Ps.
2.5 “Proportional plus integral” controller (“PI”-controller)
The current reference rPS for the power supply is proportional (KPI) to the actuating signal
e(t) and its time integral [4]. The signal e(t) is the difference between the spill signal V(t) as
measured with a secondary emission
monitor BSI and its desired reference
value r(t). The two gains KPI and Ki are
adjusted remotely via appropriate
control software. KPI is the gain of the
proportional controller and Ki permits
adjustment of the integration time
Ti = R·C/Ki of the integral controller








Figure 6 : “PI”-controller schematically
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Table 5: Constants characterising the “PI”-controller
Proportional gain KPI | 0.02 - 0.05
Integration time (R = 1 M: ; C = 10 nF ; Ki | 0.5) Ti | 20 ms
3.  Servo-spill Feedback System
3.1 Block-diagram representation
The entire servo-spill feedback system is represented by the block-diagram in Figure 7. For
the low frequencies of interest, the corner frequency fc of the power supply is sufficiently high
(> 1.5 kHz) that it can be chosen to be infinity. The power supply then becomes a linear amplifier
with gain KPS. The conversion between the servo-quadrupole current iSQ and the tune change is
represented by KiQ (see 2.3). The external perturbation GQ(t) of the tune, which ought to be






















Figure 7 : Block-diagram of the servo feedback system controlling the spill signal V(t). The “PI”-controller gener-
ates a power supply reference input signal rPS(t) which is derived from the actuating signal e(t) (cf. 2.5)
The driving term for the extraction process is the time derivative dQ/dt and not the tune
value itself. Therefore, the control signal which is proportional to this quantity is not the power
supply reference rPS but its time derivative, and the transfer function between the actuating signal
e(t) and  ( )r tPS corresponds to that of a proportional plus derivative (PD) controller. The
equivalent, correct block-diagram is shown in Figure 8 and the equivalent values of the PD-
controller are listed in Table 6. The open-loop transfer function in the frequency domain can be
written as:




KPS KiQ  
s·Ks·exp(-s·T0) 













'Q(t) ( )r tPS
Figure 8 : Block-diagram of the servo feedback system controlling the spill signal V(t). The fictive signal pro-
duced by the PD-controller is the time derivative of the power supply reference input signal rPS(t) and is
proportional to the tune change dQ/dt driving the extraction process.
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Table 6: Constants characterising the PD-controller
Proportional gain (KPD = 1 sec / Ti) KPD = 50
Differentiation time  (Td = KPI sec) Td = 50 ms
The closed-loop transfer function GQS(s) describing the influence of any perturbation GQ(t)
on the spill signal V(t)  can be expressed in terms of the previously defined transfer function of
the extraction process GE(s) and the open-loop transfer function Go(s):
GQS(s) = GE(s)1 + Go(s) = 
KS
KPS·KiQ·KS·(KPD+s·Td) + exp(s·T0)·(1+s·T1)2 
3.2 Open- and closed-loop frequency response
In the previous sections, all components of the feedback system were identified and, except
for the unknown factor KS which is one of the parameters characterising the extraction process,
all parameters describing the transfer function are known. Since KS is only a linear scaling factor
of the open-loop transfer function Go(s), it has no influence on the phase diagram and only gives
rise to some vertical offset of the Log magnitude curve. For the frequency response of the open-
loop system, plotted in the Bode diagram of Figure 9 and in the polar plot of Figure 10, the value
of the conversion factor KS was selected such as to correspond to a total open-loop DC-gain
Ko = KPD·KPS·KiQ·KS = 2, which is very close to the stability limit.










































Figure 9 : Bode plots (Log magnitude and phase diagram) of the open-loop transfer function Go(s) (left) and the
closed-loop transfer function GQS(s) between the perturbation GQ(t) and the spill signal V(t) normalised
by the conversion factor KS (right). The phase angles are plotted in degrees.
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In fact, it becomes obvious from these two
figures, that for values Ko > 2, the gain at the
frequency corresponding to a phase shift of -180°
would be greater than 1, thus violating the Nyquist
stability criterion. From this condition an upper





0.14655 = 13.65 V
 Because of this rather low gain, the feedback
system is practically unable to suppress
perturbations GQ(t) at frequencies above a few
Hz. For frequencies around about 100 Hz, the
closed-loop transfer function GQS(s) shows even
some pronounced resonance peak (see Figure 9).
4. Voltage requirements for the actual system
4.1 Feed-forward compensation of 50 Hz harmonics in the main quadrupoles
Starting 5 s after the start cycle time, the currents in the main machine quadrupoles were
measured every 500 Ps during 2047.5 ms of the 450 GeV/c flat-top, where the current linearly
increases in order to push the beam into the resonance. The 4096 samples, obtained after sub-
tracting the DC- and the linearly varying part of the current, were Fourier analysed and normal-
ised  with respect to the DC-current (see Figure 11 & Figure 12).
The spectra clearly show that some of the 50 Hz harmonics (mainly the 600 Hz compo-
nent !) of the quadrupole currents, which are introduced by the mains, could not be fully sup-
pressed despite the active filter. Because of the low open-loop gain of the feedback system, they
are not suppressed by the servo-spill system. Since these harmonics are probably not only phase-
locked to the mains but also stable in amplitude, a feed-
forward compensation with the same servo-quadrupole may
be envisaged.
To define the voltage which would be required by the
actual power supply for this feed-forward compensation, the
following (worst case) assumptions are made:
x all 50 Hz harmonics are in phase and synchronised to
cross the zero simultaneously (maximum dI/dt)
x the quadrupoles QF1 and QF2 contribute 50% each to the
tune modulation of  QH
x the influence on QH of the 50 Hz harmonics of the QD
may be neglected — they are considerably smaller (Table














Figure 10 :Polar plot of the open-loop transfer func-
tion Go(jZ) illustrating clearly the
linearly increasing phase shift introduced
by the transport lag of the extraction
process.
Table 7: Harmonic contents
In/IDC  (u 106)
f [Hz] QF1 QF2 QD
50 1.01 0.62 0.46
100 0.16 0.05 0.15
150 0.83 0.38 0.80
200 0.15 0.14 0.53
250 1.00 0.23 0.32
300 0.53 0.50 1.65
350 0.40 0.33 0.11
400 0.16 0.03 0.48
450 0.47 0.31 0.72
500 1.06 1.34 0.27
550 0.18 0.14 0.13
600 15.36 13.37 3.13
650 0.14 0.20 0.17
700 0.67 0.54 0.14
750 0.17 0.07 0.16
800 1.15 1.00 0.52
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The horizontal tune variation, caused by some small change 'I in the main quadrupoles QF
and taking into account the saturation effects above 300 GeV, is derived from the expression
found for the field gradient G(I) in section 2.1:
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During the slow extraction at 450 GeV/c, i.e. for I | 2200 A, the relative Q-change is found to be




















  ( u 106) A6"
Figure 11: Normalised low frequency spectrum of the ac-component of the current in the main quadrupoles QF.












  ( u 106) A4
Figure 12 :Normalised low frequency spectrum of the ac-component of the current in the main quadrupoles QD
Denoting with In the amplitude of the nth 50 Hz harmonic (fn = n·50 Hz), and knowing the
effect of the servo-quadrupole current iQS on the horizontal tune 'QH = KiQ· iQS (see section 2.3),
the following expression is found for the inductive voltage UL which would be necessary to
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 Hz for QF2,
one finds  UL > 95 Volt.
4.2 Required voltage to compensate for a unit step perturbation GQ(t)
Because of the transport lag introduced by the extraction process, the servo-quadrupole only
reacts after a dead time T0 against any perturbation GQ(t) of the horizontal tune. This is indicated
by the factor exp(-sT0) in the transfer function G(s) relating GQ(t) to the servo-quadrupole
current iQS(t), which is easily derived from the block-diagram in Figure 8 and where Go(s) is the
open-loop transfer function defined in section 3.1:
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The time derivative of the current iSQ at t = T0 required to react against a step perturbation
GQ(t) = 'Q·u(t) is then obtained with the initial-value theorem of the Laplace transformation
applied to a signal I(t) = iQS(t+T0) shifted in time by T0 with respect to iSQ(t):
di
dt
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Assuming 'Q = 0.002 (< 10-4·QH), a total open-loop gain Ko = 2 which is close to the






= ⋅ = 96 Volt
which is of the same order of magnitude as the voltage required for the feed-forward compen-
sation of the 50 Hz harmonics of the main quadrupoles with the servo-quadrupole.
5. Possible new configurations
According to the results derived in chapter 4, the spill
quality could probably be improved, if the power supply
of the actual servo-quadrupole system, the main
characteristics of which are again summarised below,
was upgraded to a maximum bipolar voltage of about
100 V with a maximum current of 200 A, which
however may be unipolar.
Conductor resistance: Rc | 60 m:
Quadrupole QES: Lm | 18 mH Rm | 11 m:
Total magnetic load: L | 9 mH R | 35 m:
Time constant: W | 257 ms
Max. current density: Jmax = 50 A /150 mm2
 The performance of any new servo-spill system consisting of a different magnetic load
should therefore correspond to the one stated above. In the following sections, some possible
configurations are compared for their advantages and disadvantages. They are distinguished by
the number of QMS used and the way they are interconnected. As for their connections to the
power supply, it is assumed that the existing cables of type PZH4 (see Table 2) are used. Since
the quadrupoles are powered for only about 2 s during a machine cycle lasting longer than 14 s,
the maximum admissible r.m.s. current density of about 1 A/mm2 will not be exceeded for values
of  Jmax < 2.5 A/mm2.
The QMS quadrupoles are made out of the same laminations as the main quadrupoles (and
the actual QES) and their coils have the same number (9) of windings, which means that their
gradient-current characteristics is practically identical to the one shown in Figure 2. However,
their magnetic length "m (see Table 8), and hence their integrated strength and their inductance
Lm , are only about a quarter of the corresponding values of the main quadrupoles. Therefore, the
effect on the beam produced by four QMS connected in series is about equivalent to the effect of
one QES excited with the same current. If at least one of the five QMS is kept as a spare magnet,
the minimum necessary power of any new power supply must be at least twice the required
power for the present system described above, i.e. t 40 kVA.
Table 8: Properties of the QMS Quadrupoles
Inductance per magnet Lm (| ¼ LQES) 4.5 mH
Ohmic resistance Rm per (full load) 3.52 m:  (parameter list)
Magnetic length "m 0.705 m
QES 11632 QES 11452
Requested Power Supply
LQES 1145
  200 A / 100 V
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5.1 Configurations with four QMS
5.1.1 Series connection of four QMS in 1-16
Total magnetic load: L | 18 mH R | 74 m:
Time constant: W | 243 ms
Max. current density: Jmax = 100 A /150 mm2
By connecting the four QMS in series, both the in-
ductance and the resistance roughly double compared to
the values of the present load. The time constant W how-
ever remains practically unchanged.
 occupies only one straight section (1-16)
 can easily be replaced again by a standard machine
quadrupole representing the same magnetic load
 only one spare quadrupole
5.1.2 Series-parallel connection of four QMS in 1-16
Total magnetic load: L | 4.5 mH R | 63.5 m:
Time constant: W | 71 ms
Max. current density: Jmax = 200 A /150 mm2
This connection of the QMS reduces the inductance
and the time constant W of the magnetic load by about a
factor 4, resulting in the following advantages and dis-
advantages compared to the scheme of 5.1.1:
 occupies only one straight section (1-16)
 smaller W may be an advantage for power supply
 lower PS voltage than for 5.1.1 (does not counterbal-
ance for higher current)
 may no longer be replaced by an ordinary machine
quadrupole without modification of  the power supply
 higher power supply current and higher current density in the cables
PS: It is rather obvious, that connecting all four quadrupoles in parallel is a scheme of no interest
since all the negative points are accentuated.
5.1.3 Two QMS in series in 1-14 connected in parallel with two QMS in series in 1-16
Total magnetic load: L | 4.5 mH R | 33.5 m:
Time constant: W | 134 ms
Max. current density: Jmax = 100 A /150 mm2
This scheme requires the same power supply as the
one of 5.1.2 but with the following additional advantages
and disadvantages:
 smaller W than in 5.1.1 (but higher than in 5.1.2)
 smaller current density in cables
 occupies both straight sections in 1-14 and 1-16
  higher W than in 5.1.2 (but smaller than in 5.1.1)
New Power Supply LQES
  200 A / 200 V
QES 11632 a
QES 11632 b
New Power Supply LQES
  400 A / 100 V
QES 11632 c QES 11452 c
New Power Supply LQES
  400 A / 100 V
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5.1.4 Two QMS in series in 1-14 connected in series with two QMS in series in 1-16
Total magnetic load: L | 18 mH R | 44 m:
Time constant: W | 409 ms
Max. current density: Jmax = 50 A /150 mm2
This connection results in almost the same load as
the one of 5.1.1 and therefore requires the same power
supply. However it shows the following additional ad-
vantages and major disadvantages:
 smaller current density in cables
 occupies both straight sections in 1-14 and 1-16
 future replacement by standard machine quadrupole
not trivial (different impedance of magnetic load)
 requires an additional cable between 1-14 and 1-16
 largest time constants of all configurations
5.2 Configuration with three QMS connected in series
Total magnetic load: L | 13.5 mH R | 70.5 m:
Time constant: W | 191 ms
Max. current density: Jmax = 135 A /150 mm2
This configuration has the following advantages and
disadvantages compared to the schemes with 4 QMS:
 only three QMS used (leaving two spare magnets)
 occupies less space
 requires a more powerful supply
 future replacement by a standard machine quadrupole
not trivial because of the different impedances of the
magnetic loads
5.3 Configuration with two QMS connected in series
Total magnetic load: L | 9 mH R | 67 m:
Time constant: W | 134 ms
Max. current density: Jmax = 200 A /150 mm2
The advantages and disadvantages stated in 5.2 be-
come even more pronounced with this scheme, namely:
 only two QMS used (leaving three spare magnets)
 occupies even less space
 requires an even more powerful supply
 future replacement by a standard machine quadrupole
not trivial because of the different impedances of the
magnetic loads
QES 11632 d QES 11452 d
New Power Supply LQES
  200 A / 200 V
QES 11632 e
New Power Supply LQES
  270 A / 300 V
QES 11632 f
New Power Supply LQES
  400 A / 200 V
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6. Summary & Conclusions
It has been shown that the dynamics of the present system might be improved if the power
supply could provide a voltage of about 100 V instead of only 35 V. This voltage would allow
feed-forward compensation of the residual 50 Hz harmonics of the machine quadrupoles and/or
reaction against abrupt Q-changes of the order of about 10-4 of the nominal tune. Both assump-
tions are rather pessimistic and it should first be tried to improve the active filter of the machine
quadrupoles to further suppress the very dominant 600 Hz-component.
These power supply requirements were then scaled for different loads corresponding to the
various possible configurations of a new servo-spill system discussed in chapter 5. The scheme
described in 5.1.1 seems to be the most attractive one because of the following arguments:
x consisting of four QMS, it requires the smallest power from its supply (40 kVA)
x it occupies only one straight section
x the four QMS can again be replaced by a standard machine quadrupole if they should
be needed at a later stage
The time constant W = L/R is of less importance, since it will any way be compensated
internally to extend the bandwidth of the power supply beyond about 1.5 kHz. For a given power
and within a certain voltage range, it is also more economic and therefore preferable to keep the
current low (less semiconductors!) rather than the voltage.
As for the choice of the location where the new magnets are to be installed, the one in 1-16
has the following advantages compared to 1-14 and should therefore be preferred:
x shorter cables since it is closer to LSS1
x there is more space for the installation in 1-16 than in 1-14 (see Figure 13)
x the value of the betatron function is E = 92 m compared to E = 65 m in 1-14, which
enhances the effect of the servo-quadrupole on the beam (see expression for KiQ in
2.3 on page 5).
Figure 13: Possible installation of the 4 QMS quadrupoles on two girders downstream of machine quadrupole 1-16
Once the power requirements are defined, additional studies include how the feedback
controller may be optimised or further developed to improve the future slow extracted spills.
Instead of a simple PD-controller with which there is no chance to react against the predominant
transport lag which is intrinsic to the extraction process, it might be advantageous to add a digital
controller (some kind of model reference adaptive controller) to at least partially compensate this
dead-time and hence increase the gain of the feedback loop. As already mentioned on several
occasions, a feed-forward controller must be envisaged to compensate the 50 Hz harmonics
which are introduced by the current of the main machine quadrupoles.
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